An advantage of exporting a recombinant protein to the periplasm of Escherichia coli is decreased proteolysis in the periplasm compared with that in the cytoplasm. However, protein degradation in the periplasm also occurs. It has been widely accepted that the thermodynamic stability of a protein is an important factor for protein degradation in the cytoplasm of E.coli. To investigate the effect of the thermodynamic stability of an exported protein on the extent of proteolysis in the periplasm, barnase (an extracellular ribonuclease from Bacillus amyloliquefaciens) fused to alkaline phosphatase leader peptide was used as a model protein. A set of singly or doubly mutated barnase variants were constructed for export to the E.coli periplasm. It was found that the half-life of the barnase variants in vivo increased with their thermodynamic stability in vitro. A dominant factor for the final yield of exported barnase was not exportability but the turnover rate of the barnase variant. The yield of a stabilized mutant was up to 50% higher than that of the wild type. This suggests that exporting a protein to the periplasm and using protein engineering to enhance the stability can be combined as a strategy to optimize the production of recombinant proteins.
Introduction
To maximize the production of recombinant proteins in Escherichia coli cultures, various strategies have been attempted. High copy number plasmids or strong promoters are commonly employed. However, these efforts to enhance expression can be significantly diminished by proteolysis. Proteolysis can be so severe that the low yield of recombinant protein is misinterpreted as a lack of expression. Proteolytic degradation of recombinant proteins has been observed in both rapidly growing and non-growing cultures (Pine, 1970 (Pine, , 1973 . Therefore, avoiding undesirable proteolysis, and consequently increasing the final yield of recombinant protein production, has long been a major goal of many researchers.
Because only 15-20% of known E.coli proteases reside in the periplasm (Maurizi, 1992) , artificially targeting a protein into the periplasm has been effective at reducing the extent of degradation by proteases. Indeed, Talmadge and Gilbert (1982) showed that die half-life of insulin was increased 10-fold by exporting the protein into the periplasm of E.coli. In addition, export of a protein offers many advantages over cytoplasmic production (Baneyx et al., 1991) . Ease of purification, disulfide bond formation and the reduction of possible toxic effects of recombinant proteins are among these advantages.
However, some exported proteins have been reported to be degraded rapidly even in the periplasm of E.coli (Strauch et al., 1989; Baneyx and Georgiou, 1990) . In some cases, the export process of foreign proteins was found to be coupled with proteolysis by either membrane-associated or periplasmic proteases, resulting in a low yield of the exported foreign protein (Gentz et al., 1989) . Although the construction of periplasmic protease-deficient strains can substantially reduce the level of degradation (Meerman and Georgiou, 1994) , these strains cannot be used in cases where the responsible protease(s) are unknown. Furthermore, the slower growth rate of such strains can pose a problem. The addition of protease-inhibiting metal ions (e.g. zinc ion; Baneyx et al., 1991) or chemicals (e.g. phenylmethylsulfonyl fluoride; Anba et al., 1988) to the culture medium is an alternate way of reducing proteolysis in the periplasm, because the outer membrane of E.coli, unlike the inner membrane, is quite permeable to molecules with molecular weights <600 Da (Decad and Nikaido, 1976) . However, these additional components were found to affect the cell's viability and the synthesis capacity of recombinant proteins. Moreover, these additions invariably create additional expense and concerns for downstream processing. Lowering the cultivation temperature is another effective method to decrease the extent of proteolysis (Chesshyre and Hipkiss, 1989; Battistoni et al, 1992) . Again, the slower growth rate and suboptimum synthesis rate of recombinant protein can be a problem.
If the desired protein could be engineered with improved intrinsic resistance against proteolysis, it might be possible to enhance the final yield of the foreign protein without modifying the host strain, culture medium or cultivation conditions. An intriguing problem in proteolysis has been how cells distinguish proteins to be degraded (abnormal and non-essential proteins) from proteins to be protected (normal and essential proteins). Several properties of a protein have been shown to be responsible for its degradation rate. Among these, the thermodynamic stability of the folded structure was found to be a key determinant of the half-lives of proteins in the cytoplasm of E.coli (McLendon and Radany, 1978) . Examples of this mechanism have been confirmed for the N-terminal domain of X-repressor protein (Parsell and Sauer, 1989) and T4 lysozyme (Inoue and Rechsteiner, 1994) ; the half-lives of temperature-sensitive variants of these proteins have been found to correlate with their thermal stabilities. This indicates that proteolysis occurs primarily with the unfolded form of a protein and is controlled by the thermodynamic folding equilibrium. If this mechanism also holds true in the periplasm, it should be possible to increase foreign protein production by engineering the protein to have higher diermal stability compared with wild-type protein, and exporting it to the periplasm of the cell.
Here we have used barnase, an extracellular ribonuclease from Bacillus amyloliquefaciens, fused to the signal peptide of alkaline phosphatase as a model protein.
To avoid the complication of co-expression of its intracellular inhibitor barstar, barnase was inactivated by substituting a catalytically essential histidine at position 102 with alanine. Single or double mutations were introduced into the barnase gene to construct variants with decreased or increased thermodynamic stability. The relationship between thermal stability and degradation of these proteins in the periplasmic space of E.coli was studied. In addition, the potential of applying this relationship to increase the overall yield of recombinant protein was also considered.
Materials and methods

Construction of the plasmid pKK-EC2
Plasmid pTZ416-2 (kindly provided by Prof. Alan Fersht) contains the barnase gene fused to the PhoA (alkaline phosphatase) signal peptide, the barstar gene and a V36M mutation within the bamase gene (Sancho and Fersht, 1992) . Using PCR (Clackson et al., 1991) , we amplified the PhoA-barnase fusion gene and introduced another basal mutation, HI02A (histidine at position 102 replaced by alanine), while creating convenient restriction sites (EcoRl and HindUl) that flank the fusion gene. The two oligonucleotides for PCR were as follows: N-term, 5'-gtacatggagagaattcaatgaaacaaagc-3', and C-term, 5'-ccgtttttaagcttatctgatttttgtaaaggtctgataagcgtccgt-3'. The amplified fragment was inserted into the multiple cloning site of the expression vector, pKK223-3 (Pharmacia), by digestion with EcoKI and HindUl, followed by ligation, resulting in pKK-EC1. An Afllll site in the vector DNA was mutated to a flg/II site; the remaining AflUl site at the N-terminus of the barnase gene becomes unique (the signal peptide is flanked by unique EcoRl and AflUl sites). The final plasmid was named pKK-EC2, and its structure is shown in Figure 1 . The entire fusion gene was sequenced to verify the correct construction. An lac-proAB) ; Pharmacia] was transformed with pKK-EC2 and used for barnase purification as well as the in vivo studies.
Site-directed mutagenesis
We used Transformer™ (Clontech) for high-efficiency sitespecific mutagenesis of double-stranded plasmid DNA. E.coli 1198 strain BMH supE, [mutS::TnlO] [F'proAB, lacY* ZAM15]} was used for mutagenesis. For the selection oligonucleotide, either 5'-TAA-GCCCGGTACCTCTACGC-3' or 5'-TAAGCCCGGATCCT-CTACGC-3' was used to change a unique BamHl site to a Kpnl site, or vice versa, respectively. Mutagenic oligonucleotides were as follows: N58A, 5'-GCCTTCCCTAGCTGAGAA-GATGT-3'; H18Q, 5'-CAGGTAGCTTCTGATATGTCTG-3'; Q15I, 5'-CTTATGATATGTAATAAGATAATCCG-3'; and K108R, 5'-GCTTATCTGATACGTGTAAAGGTCT-3'. Each mutation was verified by dideoxy sequencing (Sanger et al., 1977) using [a- 35 S]dATP (Amersham) and Sequenase™ (USB).
Barnase purification
Cells were grown overnight in 10 ml LB with 100 (ig/ml ampicillin at 37°C. 1 1 NZCYM medium (Sambrook et al., 1989) was inoculated with this overnight culture and cultivated until mid-log phase. 1 mM IPTG was added to induce the expression of barnase, and the culture was harvested after 3 h of induction. The purification method was identical to that described in Kellis et al. (1989) , except that Fast Flow SSepharose (Sigma) was used instead of SP-Trisacryl. The final product purified by this method was homogeneous, as judged by SDS-PAGE.
Flask culture and immunoblot analysis
Cells were grown in 50 ml LB medium with 100 (ig/ml ampicillin at 37°C and 250 r.p.m. When the cell density reached OD^ = 0.8, barnase expression was induced by the addition of IPTG to a final concentration of 1 mM. Throughout the culture and induction periods, specific growth rates were carefully monitored to ensure that every culture had the same experimental conditions; the difference in specific growth rates up to 4 h post-induction was <5%. After 2 h of induction, 1 ml of cells was harvested by centrifugation and the pellet resuspended in 50 |il TE8 (Tris 10 mM, EDTA 1 mM, pH 8.0) and 50 uJ SDS-PAGE loading buffer. Each sample was incubated in boiling water for 5 min and then fractionated by 15% SDS-PAGE (Laemmli, 1970) . A rabbit antiserum against barnase (prepared by Bethyl Laboratories) was used to detect bamase in the immunoblot analysis. The relative amounts of protein were estimated from densitometric scanning of the blot (Model GS-670 Imaging Densitometer, Bio-Rad).
Pulse-chase experiments
Cells were grown at 37°C in 10 ml M9 minimal medium (Sambrook et al., 1989) supplemented with 0.4% glucose, 100 n^g/ml ampicillin, 0.05% thiamine and all amino acids except cysteine and methionine. When the cell density reached ODeoo = 0.5, the entire culture volume was transferred to a prewarmed flask which contained IPTG to give a final concentration of 1 mM. Barnase production was induced for 30 min. The culture was then transferred to a prewarmed flask containing 10 \lC\lm\ [ 35 S]methionine (DuPont NEN). After 3 min of labeling, 5 ml prewarmed M9 minimal medium containing an excess amount of unlabeled methionine (3% w/ v) were added. At each time point indicated in Figure 3 , 150 \i\ of cells were drawn from the culture medium, mixed immediately with the equivalent volume of SDS-PAGE loading buffer and boiled for 5 min. Samples were fractionated by 15% SDS-PAGE. The dried gel was exposed to a phosphorimager high-sensitivity screen for 5-7 h, and band densities were determined with a phosphorimage analyzer (Model GS-250 Molecular Imager, Bio-Rad). Thermal unfolding of barnase variants Thermally induced unfolding, monitored by fluorescence spectroscopy, was carried out with 10 \iM of each barnase variant in 50 mM (Af-morpholino)ethanesulfonic acid (pH 6.3). Jacketed cuvettes were heated by a thermostated circulating water bath, and the actual temperature of the solution was monitored carefully by a thermocouple immersed in the cuvette under observation. The excitation wavelength was 290 nm and the emission wavelength was 315 nm (Aminco-Bowman series 2 luminescence spectrometer, SLM Instruments).
Thermal unfolding was analyzed by non-linear regression using the data-fitting program GraFit (Erithacus Software). The fluorescence data were fitted to a transformation of the Gibbs-Helmholtz equation, where:
Fraction Native is equal to (F -Fu)/(F n -FJ, where F is the observed fluorescence at a given temperature and F u and F n are the fluorescence values of the unfolded and native proteins at that temperature, obtained by linear extrapolation of the temperature dependence of the fluorescence outside the region of the unfolding transition (Pace, 1986) . AH m is the enthalpy change for unfolding at the midpoint of the thermal unfolding transition, T m . AS m = AHJT m , because AG is zero at T m . A value of 1.4 kcal/mol.K for the heat capacity change of unfolding (AC p ) was obtained from calorimetric studies of barnase unfolding (Griko et al., 1994) .
Results
The experimental system
Plasmid pKK-EC2 constructed for this study has a strong tac promoter that can be regulated by the addition of IPTG, and the signal peptide can be readily replaced because it is flanked by two unique restriction sites (FcoRI and AflUT); signal peptide manipulations were not carried out in our study (see Materials and methods). The base protein engineered for this study contains two mutations. Histidine 102 was mutated to alanine to eliminate the RNase activity of the enzyme to obviate co-expression with barstar (Paddon and Hartley, 1987) . Valine 36 was mutated to methionine to provide a site for the incorporation of [ 35 S]methionine for in vivo pulse-chase experiments (wild-type bamase lacks the sulfur-containing amino acids methionine and cysteine). Both the His 102 -» Ala and Val36 -> Met mutations have been characterized previously and have little effect on the stability and level of expression of bamase (Serrano and Fersht, 1989; Sancho and Fersht, 1992) . With this engineered bamase (referred to as 'pseudo wild type') as a template, several bamase variants were constructed by single or double mutations. Therefore, the variants actually have triple or quadruple mutations compared with the real wild-type bamase. Specific mutants were chosen to represent a wide range of thermal stabilities, including destabilized and stabilized mutants, compared with the wild-type protein (Kellis et al., 1989; Serrano and Fersht, 1989; Serrano et al., 1993) . However, as mentioned above, bamase variants constructed in our laboratory have two basal mutations that differ from the bamase variants studied by other researchers. Thus, thermal stability measurements of the bamase variant were an essential step for this study. One-letter codes for the amino acids were used. Each mutation is denoted as the original amino acid, followed by its position and then the substituted amino acid. Observed melting temperatures (at pH 6.3) are given in Table I . The analysis used the calorimetrically determined value of AC p for bamase (1.4 kcal/mol.K) from the literature (Griko el al., 1994) . AH m and A5 m are values at the midpoint temperature for unfolding of the respective variants (Ta). AC U was extrapolated to 37°C using these parameters. The standard errors of all values are <69b.
Thermal stability of barnase variants
To measure their thermodynamic stability, all of the bamase variants constructed for this study were subjected to thermal unfolding experiments. The results are shown in Figure 2 . The data were fitted to the Gibbs-Helmholtz equation (see Materials and methods), and the resulting thermodynamic parameters are given in Table I . Also shown in Table I is the free energy of unfolding of the variants calculated at 37°C, the temperature of the in vivo experiments of this study. The stabilities and melting temperatures of the variants are in excellent agreement, as shown previously for other site-specific variants of bamase (Kellis et al., 1989 ). Thus we have created an assortment of bamase variants with melting temperatures (defined as fraction native = 0.5) spanning 10°C and AG U values covering a range of 6 kcal/mol, with the pseudo wild-type enzyme in the middle.
In vivo half-lives of barnase variants
An E.coli strain (JM105) was transformed with plasmids encoding the five bamase variants. Standard pulse-chase experiments were performed to measure the rate of degradation of each variant in the periplasm during overproduction. Cells were grown to mid-log phase, induced with IPTG, pulselabeled with [ Chasing Time (hrs) Figure 3 , cells were solubilized in SDS-PAGE buffer and the proteins fractionated on 15% polyacrylamide gels. The rate of periplasmic proteolysis was measured by determining the disappearance of labeled barnase by phosphorimage analysis. As seen in Figure 3 , while 70% of the pseudo wild-type barnase remained at the end of the pulse-chase (6 h), <30% of the thermodynamically destabilized variants (H18Q and N58A) remained. The half-lives of these variants in the periplasm of E.coli were much shorter than that of the pseudo wild-type enzyme. In contrast, no significant decrease was observed for the most stabilized barnase mutant (Q15I/K108R). For a stabilized variant (Q15I), 80% remained after 6 h. A comparison of the in vivo half-lives and in vitro stability measurements for all barnase variants clearly demonstrates a correlation between Note the concordance between all of these parameters.
and methods). At various times indicated in
(a) the two values (Table II) . These results verify that thermal stability and proteolytic susceptibility of a protein are inversely related in the periplasm, as in the cytoplasm of E.coli.
Increase in the yield of exported barnase
The yield of pre-and mature bamase was determined by immunoblotting. As shown in Figure 4 , the amount of mature barnase variants in the periplasm at the end of 2 h postinduction varied from 10 to 150% of the pseudo wild type; the amount of pre-bamase in the cytoplasm varied from 5 to 500% of the pseudo wild-type. As with the degradation rates, the amounts of protein correlated with the thermal stabilities of the variants. Because the thermodynamic stability of prebamase was found to be the same as mature bamase (unpublished data), it is possible that the effect of thermal stability on proteolysis is more extreme in the cytoplasm than in the periplasm, or faster folding variants get stuck inside the cell (Hardy and Randall, 1991) . However, this conclusion awaits further studies. By exporting barnase to the periplasm of E.coli, we routinely produced 25-30 mg/1 of the pseudo wild-type barnase. When mutations were introduced into the barnase gene to improve the thermal stability of the protein, the final yield was increased up to 40-^45 mg/1. On the other hand, for a less stable variant (N58A), the final yield was decreased to 2-4 mg/1 (Table II) . Therefore, engineering the protein for higher thermal stability was successful in increasing the yield of the overexpressed recombinant barnase. In control experiments, we checked for the presence of inclusion bodies and for leakage of bamase from the periplasm of E.coli to the culture medium. None of the variants tested in this study exhibited the formation of inclusion bodies or any significant leakage of periplasmic proteins (results not shown).
Discussion
This study with five barnase variants of differing thermal stabilities clearly demonstrates the relationship between the conformational stability determined in vitro and the half-life of the protein in the periplasm of E.coli determined in vivo. The barnase mutations were designed to be non-disruptive, and no known proteolytic cleavage sites were introduced or deleted by the mutations. We therefore conclude that the different degradation rates were a result of the altered structural stabilities of the variants. This is the first report to show such a relationship in the periplasm of E.coli. In addition, we have verified that the final yield of the exported foreign protein in the periplasm of E.coli can be increased by improving the thermodynamic stability of the protein (Figure 4 ). It should be noted that the mutations which increased the stability of barnase were outside the active site; it has been shown that the thermodynamic stability of barnase can be increased without altering its catalytic activity (Serrano et al., 1993) .
There are numerous ways of making proteins more thermodynamically stable. Creating disulfide bonds (Perry and Wetzel, 1984; Gokhale et al., 1994) , engineering metal chelation sites into a protein (Kellis et al., 1991) or even substituting one or a few amino acids (Eijsink et al., 1992; Miyazaki et al., 1993; Serrano et al., 1993; Anderson et al., 1994) are just a few examples of effective strategies. As demonstrated in this study, regardless of the stabilization method used, efforts to increase stability should be viewed as important not only for in vitro purposes [such as prolonged shelf-life (Brems et al., 1992) and preparing enzymes for harsh reaction conditions], but also for the in vivo purpose of increasing overall production.
During the export process of a protein, a pre-protein is thought to remain in the so-called 'secretion-competent state', i.e. the pre-protein must be in a non-folded conformation to pass through the membrane (Park et al., 1988; Hardy and Randall, 1991) . Once the pre-protein attains its folded state, it becomes 'secretion incompetent' and cannot pass through the membrane. Any change in the amount of unfolded pre-protein can be attributed to the kinetics and/or thermodynamics of protein folding. While slower folding would increase the pool size of pre-protein to interact with the secretion machinery, a decrease in thermodynamic stability would also have the same effect of increasing the fraction of unfolded pre-protein. The positive effect of increasing the unfolded pre-protein fraction has been observed for the export of a slower folding variant of bovine pancreatic trypsin inhibitor (Nilsson et al., 1991) and of ribose-binding protein (Teschke et al., 1991) in E.coli and the import of a destabilized mouse dihydrofolate reductase variant into yeast mitochondria (Vestweber and Schatz, 1988) . However, the lack of a tightly folded structure is known to accelerate protein degradation (Parsell and Sauer, 1989; Inoue and Rechsteiner, 1994) . Therefore, a competition may exist between the export and the degradation of pre-protein in the cytoplasm. Furthermore, as we have shown here, a destabilized mature protein can also be degraded faster in the periplasm. Thus it is imperative to determine which is the more dominant factor affecting the final yield of exported protein.
In our studies with bamase we have observed that more barnase is exported in a shorter time when the mutant is thermodynamically destabilized (W.S.Kwon et al., manuscript in preparation; this finding also ruled out the possibility of secretion machinery saturation as a limiting factor for the expression of exported barnase). However, as seen in Figure  3 , a major determinant for final protein yield was not the exportability of the pre-protein but the turnover rate of the mature protein in the periplasm. Therefore, when barnase was stabilized through mutation, the metabolic stability of the protein in both the cytoplasm and the periplasm was improved, resulting in an increased final yield.
In the case where the exportability of pre-protein dominates the yield, engineered stabilization may actually decrease the yield of exported protein. The two opposing effects (exportability and degradation) of increasing the unfolded fraction of preprotein by protein engineering can pose a true optimization problem. An optimum thermodynamic stability of a protein may exist which promotes translocation of the protein across the membrane but thwarts proteolysis. This remains an interesting challenge in the use of protein engineering for the purpose of increasing the final yield of exported recombinant proteins.
